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Abstract 

This thesis will describe the use of Photochemical Meta1 Organic Deposition 

(PMOD) to fabricate single layer metal oxide filrns. The thin films of precursors were 

prepared by a spin coating technique. The precursor filrns were exposed to W light and 

photochemically produced titanium oxide and manganese oxide films. 

The photochemical reactions of Ti@-pr~p)~(acac)z and Mn(02CCH(CzH5)C&9)2 

precursor films were monitored by Fourier Transfom Infiared Spectroscopy. The 

volatile products fkom the photolysis of these precursors were identified by Mass 

spectroscopy. The photoproduced films were characterized by Auger electron 

spectroscopy and x-ray powder difiaction. Finally, mechanisms which accounted for the 

photochemical reactions of these precursors were proposed. 

This thesis will also descnbe our f ~ s t  attempts at applying PMOD (Photochemical 

Metal Organic Deposition) to fabricate alternatkg multilayer thin films. The components 

we chose to fabricate multilayer samples were titanium oxide and manganese oxide. The 

prepared samples were investigated by means of X-ray dieaction. The bilayer thickness 

of multilayer samples were 4 - 10 nm. The total film thickness of the samples were 40 - 
200 m. 

The as deposited multilayer samples were arnorphous layered filrns. After a sample 

was heated at 3M0C, it was still arnorphous but evidence which indicated a layered 

structure was lost. After the sample was heated at 700°C, a solid solution MnPTi2.,01 

with a-Mnr03 structure and rutile was formed. 
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Chapter 1 Introduction 

Multilayer thin films periodic in one dimension in composition create new materials 

having microstnictures not found in nature. By alternating deposition of two compounds, 

multilayer thin films can be fabricated. Several deposition techniques have been used to 

prepare these materials. l4 

This thesis descnbes the development of photochemical metal organic deposition 

(PMOD) to produce multilayer thin films. The approach provides a simple route to 

multilayer thin films. In order to provide background for understanding the project, this 

chapter is organized into four sections. Section 1.1 wili introduce photochemical metal 

organic deposition (PMOD). This is a method developed in Our laboratory to prepare 

single layer f ihs .  Section 1.2 will propose use of PMOD to prepare multilayer films. 

This is followed by introduction of surface analysis method, X-ray powder diffraction 

and Auger electron spectroscopy. Finally, section 1.4 will provide the organization of the 

thesis. 

1.1 Photochemical metal organic deposition (PMOD) 

Photochemical metal organic deposition (PMOD) has been used to deposit many 

materials. These materials include the metal oxides of Cu, Co, Ni, pt5 as well as the 

mixed metal oxides such as (PbosZro.s)Ti03, (B~O.&~.~ )T~O~.~ .  ' The process of PMOD is 

outlined in figure 1 - l 



Precursor 
solution 

spin - 
Amorphous film ML, 

Amorphous metal film M Arnorphous meta1 oxide film M,O, 

Figure 1 - 1 The PMOD of a metal oxide film 

A precursor solution which contains the starting matenal ML, (M is a metal and L, is 

the ligand) in a volatile solvenr is first prepared. The deposition process begins by 
t 

dispensing this precursor solution on a stationary silicon substrate (figure 1 - 1 a). The 

substrate is then accelerated to a spin speed (normally between 1000-3000rpm, figure 1 - 

1 b). The solvent evaporates leaving an amorphous film of Mh, on the substrate (figure 

1 - 1 c). The precursor film is then exposed to ultra-violet radiation. Upon irradiation, 

volatile ligands are ejected fiom the metal center leaving an arnorphous metal film on the 

substrate (figure 1-ld). Reaction of the metal center with oxygen in air leads to the 

production of amorphous metal oxide film, M,Oy (figure 1-1 e). 



It is important to point out that step d and step e are idealized representation. 

Normally, in the presence of an oxygen source, MxOy is fomed while the photolysis is 

occuming. In this case the amorphous metal film is not fomed. 

There are certain criteria for an ideal precursor. The PMOD is a photochemical 

reaction, so the precursor has to be photosensitive. When dissolved in a solvent, it must 

form an amorphous film upon spin coating on the substrate. A crystalline film is not 

ideal because the strong intermolecular forces between molecules lead to recombination 

of the prirnary photochernical products. This recombination results in a low reaction 

quantum yield. The precursor must also be nonvolatile and themally stable. This makes 

it possible to carry out the process at room temperature under atrnospheric pressure. 

1.2 Proposed use of PMOD to prepare multilayer films 

The goal of this thesis is to use photochemical metal organic deposition (PMOD) to 

fabricate rnultiIayer films. The fabrication procedures of multilayer films by PMOD are 

shown in figure 1-2. 

Two metal organic compounds MaLn and MbLm are starting materials (Ma, Mb are 

two different metals and Ln, Lm are two different ligands). The precursor solutions are 

prepared by mixing starting materials with solvents. The deposition process begins by 

dispensing MaLn precursor solution on a stationary silicon substrate (figure 1-Sa). The 

substrate is then accelerated to a spin speed (figure 1-2b). The solvent evaporates 



Precursor 

spin - Amorphous fiIm 
MA" 

Amorphous metal oxide 
film Mao, 

Precursor 
solution MbL, 

1 spin - Amorphous film 

Amorphous metal Amorphous metal 
film Mb oxide film MbO, 

0 2  , ..:*.-p,,d,i:4;' . *'.%.. ~.;:p:~~.s~: . -" ;?$;::! _ . . -. . , ... _I :- 

6 bilayers film 

Figure 1-2 The fabrication procedures of multilayer films by PMOD 



leaving an amorphous MaLn film on the substrate (figure 1-2c). The precursor film is 

imdiated using UV light until al1 the ligands have been ejected. An amorphous Ma film 

is formed on the subshate (figure 1 -2d). The Ma film reacts with the oxygen in air 

leading to the production of a Mao, film (figure 1-2e). The MbLm precursor solution is 

then dispensed on the stationary Mao, layer (figure 1-20. The substrate is then 

accelerated to a spin speed (figure 1 -2g). The solvent evaporates leaving an amorphous 

MbLm film on the subsmte (figure 1 -2h). The film is then irradiated under U V  light 

until al1 the ligands have been ejected. This result in the formation of amorphous Mb 

film on the Mao, layer (figure 1-2i). The Mb film reacts with the oxygen in air leading 

to the production of a MbOy film on the Mao. layer (figure 1-2j). The procedures are 

repeated by repeating the entire process to build the multilayer matenal (figure 1-2k). As 

mentioned earlier, in the presence of an oxygen source the metal oxides are formed while 

the photolysis is occumng. In this case the amorphous metal films Ma, Mb are not 

formed. 

There are many existing techniques for the deposition of multilayer films. In order to 

explain why we are developing an other method to deposit multilayer films, we need to 

review existing methods. This will aIIow us to contrast those methods with the proposed 

method, 

Several deposition methods have been investigated in regard to multilayer film 

deposition such as: dual rnagnetron sputter deposition1 (MSD), sol-gel coating2, 

ultrahigh-vacuum physical vapor deposition3 (Pm) and chemical vapor deposition4 

(CVD) etc. However, some of these processes, for exarnple CVD, sol-gel coating, 

operate at high temperatures and others require high vacuum systems (MSD, PVD). 

5 



The disadvantages of high temperature processes are the possibility of damage to the 

films that were previously deposited on the substrate and interdiffision of the layered 

films. The disadvantages of the high vacuum processes are the high cost of the 

equipment and the time consumed in achieving the vacuum. As a result, the development 

of new processes to fabncate multilayer films is important. 

The new grocess we introduced above (PMOD) has some advantages. First, the 

reaction is carried out at room temperature. Second, reaction does not require a 

sophisticated vacuum chamber as it can be carried out under atmosphenc pressure. 

In this contrïibution, the products of the photochernical reaction are characterized by 

surface analysis techniques. They include mass spectrometry, Auger electron 

spectroscopy, high and low angle x-ray powder diffraction (XRD). An outline of these 

techniques wili be described in section 1.3. 

1.3 Thin film analysis methods 

1 -3.1 X-ray powder diffraction 

In this study, X-ray powder dieaction was used to identify the crystal structure of 

thin films and measure the thickness of multilayer films. X-ray powder diffiction has 

been long used for the structural identification of crystals. X-ray diffraction also is a 



powerful technique for analysis of multilayer structures. It is a non-destructive 

technique. The analysis c m  be done while the sampie is on the subsnate. 

Figure 1-3 X-ray difhction fiom a sample 

Figure 1-3 illustrates the Bragg condition for the reflection of X-rays by a sarnple. 

The Bragg condition is satisfied when diffracted X-rays are in phase and constructively 

interfere. In figure 1-3, L are adjacent planes within a sample. Linesl and 3 represent 

two incident X-ray beams. Lines 2 and 4 represent reflected beams fiom adjacent planes 

within the sample. The perpendicular distance between adjacent planes is given as d. 0 

is the angle between incident beam and each plane parallel of the sarnple, Le. the Bragg 

angle. 

The difference in the path length traveled by the two beams is 2dsin0. If this 

difference is equal to an integral number, n, of X-ray wavelengths, & then the reflected 
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beams 3 and 4 are in phase. The in phase relation results in the observation of 

difhction. When this is true, the Bragg condition is satisfied. 

d = 2dsin0 1 - 1 

Equation 1 - 1, which describes this condition, is known as the Bragg equation. The 

Bragg equation c m  be rewritien as Equation 1-2. 

d = nÂ/2sinû 1-2 

From the value of û and the X-ray wavelength A, we c m  calculate the distance of the 

perpendicular planes of the sample, d. The X-ray we used is fiom Cu K, irradiation. The 

wavelength fiom its imdiation is 1.54 A. 

When the adjacent planes are within the crystal, the calculated d is the space between 

the crystal planes. 

For a multilayer sample, the adjacent planes can be layers of components A and B. 

The Bragg condition for the reflection of X-rays is illustrated in figure 1-4. Frorn the 

equation 1-2, we can also calculate d, which is the bilayer thickness of multilayer sample. 

The bilayer thickness of the multilayer samples studied here are approximately 4-1 0 nm, 

so the difiaction angle 20 is in the range between 0.9' to 5'. 



Figure 1-4 X-ray diffraction on a multilayer sarnple 

1 -3.2 Auger electron spectroscopy 

Auger electron spectroscopy (AES) is a method used to determine elemental 

composition of surfaces. The process of Auger electron generation is illustrated in Figure 

1-5 .' 

ionized electron (1) 

electron bearn @ :tronic transition (2) 

secondary (Auger) 

v 
E3, E4 represent energy levels in an atom) 

electron 

Figure 1-5 The process of Auger electron generation 



When a sample is bombarded with an electron bearn (E), a core Ievel electron (1) is 

ejected fiom the atom leaving a vacancy (figure 1-5). An electron fiom higher energy 

level(2) filis the vacancy. The energy (E 1 -E3) resulting fiom this transition can be 

transferred to another electron (3) in the same atom, which is then ejected. Such 

secondary ionized electrons are Auger electrons. The kinetic energy of the Auger 

electron, EA, is given by equation 1-3. The Auger electron energy is characteristic of the 

parent atom, and the technique can be used to determine relative amounts of elements. 

E*=(E1 -E3)-E3=El-2E3 1-3 

1.4 Organization of the thesis 

The goal of this study was to explore the use of photochemical metal organic 

deposition (PMOD) to prepare metal oxide multilayer films. Two components chosen to 

fabricate multilayer films were titanium oxide and manganese oxide. These materials 

were chosen to investigate for the following reasons. Fust, they have widely different 

properties. Second, it has been found that titanium oxide film c m  be fomed by 

photolysis of Ti(aca~)~(i-prop)~ (i-prop = 0CH(CHs)2; acac = CH3COCHCOCH3) and 

manganese oxide can be f m e d  by photolysis of M ~ ( O ~ C C H ( C ~ H ~ ) C ~ H ~ ) > ~  Third, 

photochemical reaction tirne for each of these precursors is short. This should result in 

shorter time to fabricate multilayer samples. 

But little information about photo-decomposition mechanism of the two precursors 

Ti(acac)?(i-prop)? (i-prop = 0CH(CH3)?; acac = CH3COCHCOCH3) and 

Mn(OrCCH(C2H5)C4H9)2 was iaown. Prior to the fabrication of the multilayer films, it 

was useful to investigate the mechanism of the photochemical reaction of Ti(acac)?(i- 



prop)? precusor film on the silicon chip and to study the properties of the photoproduced 

titanium oxide films. It was also necessary to hvestigate the mechanism of 

photochernical reaction of Mn(02CCH(C2H5)C4H& precursor film on the silicon chip 

and to study the properties of the manganese oxide films. 

Chapter 2 gives the preparation and characterization of titanium oxide films 

produced fiom Ti(acac)z(i-prop)? filrns on a silicon chip. The use of Fourier Transfonn 

Infiared (FTIR) spectroscopy to monitor the photolysis of Ti(acac),(i-pr~p)~ wilt be 

presented. The volatile products fiom the photolysis of Ti(acac}?(i-prop)? were identified 

with mass spectrometry. The composition of the film produced by photolysis of 

Ti(acac)?(i-prop)? was determined by Auger electron spectroscopy. These experiments 

provided us with the information for the mechanistic study. The use of x-ray diffiaction 

to further characterize the photoproduced film produced from Ti(acac)z(i-prop)? will also 

be presented in Chapter 2. 

Chapter 3 deals with preparation and characterization of manganese oxide films 

produced fiom Mn(02CCH(C2H5)C4H& films on a silicon chip. The use of Fourier 

Transfonn Infrared (FTIR) spectroscopy to monitor the photolysis of 

Mn(02CCH(C2Hs)C4H& will be presented. The volatile products fiom the photolysis of 

Mn(07CCH(C2H5)C4H9)2 will be identified by mass spectroscopy. The results of Auger 

electron spectroscopy of the film produced by photolysis of Mn(02CCH(C2H5)C4H& 

will be presented. These results are reconciled in the form of a proposed mechanism. 

The use of x-ray diffraction to identifi the phase of the photoproduced film of 

Mn(02CCH(C2Hs)C4H9)z will also be presented in Chapter 3. 



Following the study of the titanium compound and the manganese compound, we 

fabricated multilayer samples of altemating titaniurn and manganese oxides. Thermal 

treatment was pedormed on the multilayer sample. Low angle x-ray dif ict ion 

provided us with the information about the layered structure. High angle x-ray 

diffraction provided us with the information of phase identification. The detailed results 

are reported in Chapter 4. 



Chapter 2 Preparation and characterization of titanium oxide films 

2.1 Introduction 

In this chapter, deposition of titanium dioxide by means of photochernical metal 

organic deposition (PMOD) will be described. Titanium dioxide films have attracted 

extensive attention during the last decade due to the* optical and electric properties.'O A 

variety of methods have been used to h m  titanium dioxide thin fiims; these include 

11-13 magnetron sputtering of TiOz, metalorganic chemical vapor deposition'* and 

chemical vapor deposition.'4 

There are certain criteria for an ideal precursor. PMOD is based on a photochemical 

reaction, so the precursor has to be photosensitive. When dissolved in a volatile solvent, 

it must form an amorphous filrn upon spin coating on the substrate. The precursor must 

also be nonvolatile and therrnally stable. 

Considering the above cnteria and the results obtained previously in our laborat~ry,~ 

the titaniurn complex Ti(aca~)~(i-prop)~ (i-prop = CHO(CH&; acac = 

CH3COCHCOCH3), shown in Figure 2- 1, was chosen as a precursor. l6 It had been 

shown that photolysis of a Ti(aca~)~(i-prop)~ filrn resulted in the loss of al1 IR absorption 

associated with the ligands and Auger analysis showed that Ti02 film has been deposited 

on the substrate. 

One goal of this study was to investigate the mechanism of the photochemical 

reaction of Ti(a~ac)~(i-prop) precursor film on the dicon chip. A second goal was to 

study the properties of the photoproduced titanium dioxide films. In order to reach these 

goals, the volatile photoproducts of Ti(aca~)~(i-prop)~ precursor film were studied by 

13 



mass spectrometry. The films photogenerated from Ti(aca~)~(i-pr~p)~ photolysis were 

studied by both Auger electron spectroscopy and X-ray powder diffraction. Finally, a 

mechanism for the photoreaction of Ti(aca~)~(i-prop)~ cornplex as a thin film on silicon 

surfaces will be proposed. The study of the single component films described in this 

Chapter gave insight in the design of processing conditions to deposit multilayer films in 

Chapter 4. \ 

Figure 2- I Structure of Titaniurn bis-acetylacetonate di-isopropoxide, 

2.2 Results 

2.2.1 Photolysis of Ti(aca~)~(i-prop)~ films 

A toluene isopropanol solution of Ti(a~ac)~(i-prop)~ was used as a precursor solution. 

The solution was spin coated to provide amorphous films of Ti(acac)?(i-prop):! on a 

silicon chip. The films appeared to be uniform and featureless by optical inspection. 

The F T R  spectrum of a film of Ti(aca~)~(i-pr~p)~ was obtained by measuring the 

transmission through the sarnple. FTIR spectroscopie data of it are presented in Figure 2- 

2 and summarized in Table 2-1. ~ l a i r ~  has produced data similar to those in Table 2-1. 

Three absorption bands are assigned to the isopropoxide ligands: the absorption at 10 12 
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cm-' is assigned to v,(CO), the absorption at 991 cm" is assigned to vs(CO) and the 

absorption at 624 cm-' is assigned to v(Ti0). The remaining absorption bands are 

assigned to the acac ligand. The band at 1607 cm-' is assigned to v(CC). The band at 

1 585 cm-' is assigned to v(C0). The band at 1 523 cm" is assigned to v(C0) coupled 

with v(CC). The band at 1435 cm-' is assigned to v(C0) coupled with 6(CH). The band 

at 1381 cm-' is assigned to &(CH3). The band at 1327 cm-' is assigned to &(CH3). The 

band at 1276 cm-' is assigned to v(C-CH3) coupled with v(CC). The band at 1 163 cm" is 

assigned to &CH) coupled with v(C-CH3). The band at 928 cm-' is assigned to v(CC) 

coupled with v(C0). The band at 85 1 cm-' is assigned to ir(CH). The band at 669 cm-' is 

assigned to G(C-CH3) coupled with v(Ti0). The assignments were based on vanous 

15-17 metal acetylacetonate and metal alkoxide complexes . 

The film of Ti(aca~)~(i-prop)~ was irradiated with 254 nm light for 5 min. A second 

FTIR spectnun was obtained and is presented in Figure 2-2. A decrease in intensity of al1 

the FTIR absorption bands associated with Ti(a~ac)~( i -pr~p)~ is observed. The 

experirnent proceeded with altemating exposures to W light and spectral analysis of 

FTIR. Figure 2-2 shows the FTIR spectra changes. A continuous decrease in intensity of 

al1 the FTIR absorption bands associated with Ti(acac)r(i-prop)? is observed. The 

photolysis of Ti(acac)?(i-prop)? for a total of 25 min resulted in the loss of al1 IR 

absorption bands associated with the acetylacetonate and iso-propoxide ligands. No new 

absorptions were observed. This indicates that there was no ligand containing 

intermediate fonned. 

Equation 2- 1 is the photochernical reaction. 
hv 

Ti(CH3COCHCOCH3)2(CH3CHOCH3)z TiO, + organic products (2- 1 ) 



The lack of IR absorptions associated witb the decomposition products of the ligands 

forced us to turn to a different method to investigate the organic photoproducts. 

Table 2-1 The FTIR spectroscopie data 

of Ti(aca~)~(i-prop)~ as a film on a silicon surface 

1 Frequency (cm-') 

acac 

1585 

Band Assigrnent ligand 

~ ( c o )  

1435 

1 1327 1 WCH3) 1 acac 1 

acac 

1381 

v(CO)+ 6(CH) 

i-prop 

acac 

6d(CH3) 

1276 

1163 

I 1 

1 928 1 v(CC)+ v(C0) I acac 

acac 

v(C-CH3)+ v(CC) 

G(CH)+V(C-CH3) 

acac 

acac 

85 1 

669 

624 

N C w  

G(C-CH3)+ v(Ti0) 

v(Ti0) 

acac 

acac 

i-prop 



Figure 2-2 FTIR spectra o f  Ti(a~ac)~(i-prop)~ film 

upon photolysis at 0, 5, 10, 15 and 25 minutes 

2.2.2 Mass spectrometric analyses o f  volatile photoproducts formed by the photolysis of 

Ti(acac)z(i-prop)? fih 

Mass spectrometric analysis of the volatile products formed f?om photolysis of a 

Ti(acac)&-prop)? film on a silicon chip was conducted in order to determine the organic 

products. A Ti(a~ac)~(i-prop)~ film on a silicon chip was prepared by spin coating fkom 



toluene isopropanol solution. The sample was irradiated with W light in a vacuum 

chamber. The gas phase was then introduced into a Mass Spectrometer. 

Table 2-2 below summaries the data and ~ i te r~re ta t ion '~- '~  of the MS of the volatile 

products fkom photolysis of Ti(a~ac)~(i-prop)~ film. The spectmm of MS had peaks at 

m/e of 1 00,85, 84,69,58,43 and 4 1. The peaks at m/e of 1 00, 85 and 43 are associated 

with acetylacetone (CH3COCH2COCH3, m/e=100) and its fragments, COCH2COCH3 

(m/e=85) and COCH3 (m/e=43). The peaks at d e  of 84,69,43 and 41 corresponded to 

3-pentene-2-one (CH3COCH=CHCH3, m/e=84) and its hgments, COCH=CHCH3 

(m/e=69), CH3C0 (mie-3) and CH=CHCH3 (m/e=4 1 ). The peaks at m/e of 58 and 43 

corresponded to 2-propanone (CH3COCH3, m/e=58) and its fragment, COCH3 (m/e=43). 

Table 2-2 MS result of gas phase products fiom the photolysis of a film of Ti(aca~)~(i- 

From the MS analysis result, the photochernical reaction is s h o w  as equation 2-2. 

d e  

100,85,43 

84,69,43,4 1 

58,43 

assignmen t 

acetylacetone (MeCQCH2COMe) 

3-pentene-2-one (MeCOCH=CHMe) 

2-propanone (MeCOMe) 



2.2.3 Auger electron anaiyses of films produced by the photolysis of Ti(aca~)~(i-prop)~ 

films 

Ln order to determine the elemental composition of the remaining film after 

Ti(acac)2(Lprop)- photolysis, Auger electron analyses were carried out. A Ti(acac)?(i- 

prop)? film on a silicon chip was prepared by spin coating fiom toluene isopropanol 

solution. It was irradiated until no bands from the ligands were observed in the FTIR 

s p e c t m .  This indicated that al1 the ligands had been ejected fiom the film. The surface 

was cleaned by Argon ion sputtering for 15 sec. An Auger electron spectrum was then 

obtained. 

The Auger electron spectnun of the sarnple prepared above is shown in Figure 2-3. 

The spectrum has peaks at 380,418 and 502 eV. Peaks at 380,418 eV are associated 

with titanium (LMM) and the peak at 502 eV is indicative of oxygen (KLL).'~ No other 

peaks were obsewed in the s p e c t m .  This result indicates that the oniy elements 

existing on the film are Ti and 0. Further argon ion s p u t t e ~ g  for 15 sec followed by 

another Auger spectrum confmed the peaks position and intensity. The second 

spectmrn has the sarne appearance as the first one. 

Table 2-3 lists the sputter time, peak intensity (peak-to-peak Auger amplitude), 

sensitivity factor and concentration of titanium and oxygen. It also includes the 

composition of the film obtained from the experiment. The calculated compositions were 

based upon the intensity of the oxygen signal at 502 eV and the titanium signal at 4 18 eV. 

The calculated composition of the film fiom two spectra was Ti03*,. This elemental 

composition was approximate due to the 30% error of the AES fiom sensitivity factor. 

The film probably consisted of TiOz, as Ti(lV) is the most stable oxidation state of 
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titanium." The reponed results of Mai? are within experimental error of those 

detemined here, 

From the balanced equation 2-2, it was found that photoreaction of Ti(aca~)~(i-prop)~ 

film resulted in Ti0  film on the silicon chip. Ti0  film reacted with O2 in the air 

generated Ti02 film (equation 2-3). 

T i0  + % O2 (in air)-+ Ti02 

Table 2-3 Auger analysis of resultant film fiom Ti(aca~)~(i-prop)~ photolysis 

Sputter 

time (sec) 

15 

30 

Re1 ative 

intensity 

Ti O 

19.5% 70.4s 

2W6 69k6 

Sensitivity 

factor 

Ti O 

0.45 0.51 

0.45 0.51 

Concentration 

Ti O 

(%) 

23+6 7 7 s  

25+7 75+6 

Composition 

(calculated) 

Ti60 19 

Ti03 



Figure 2-3 Auger electron specçnim of resultant film fiom Ti(aca+(i-prop)? photolysis 

(following 1 5 sec of sputtering with argon ions energy to clean the film surface) 



2.2.4 X-ny diffractions fiom films produced by the photolysis of Ti(a~ac)~(i-prop)~ 

From the Auger results (see section 2.2.3), it was found that the photolysis of the 

Ti(acac)~(i-prop)? precursor film produced a TiOz film on the silicon chip. This film was 

further studied wlth X-ray powder difiaction. Figure 2-4 shows the diffraction spectnim 

of the film. The peak at 33" was fiom the n-Si(100) substrate. No peak fkom the film 

was observed. This clearly indicated that the film was arnorphous. Equation 2-3 can be 

written as following: 

T i 0  + % 0 2  (in air) ,-w TiOz (arnorphous) 

10 20 30 40 50 60 
2 theta 

Figure 2-4 X-ray powder difiaction spectnim of the film photoproduced fiom 

Ti(aca~)~(i-prop)~ 



In order to study the crystallization of the Ti02 amorphous films, XRQ spectra were 

obtained on a series of heated films. A Ti(acac)z(i-pr~p)~ film on a silicon chip was 

prepared by spin coating from a toluene isopropanol solution. It was irradiated until no 

bands fiom the ligands were observed in FTR. The film on siIicon chip then was heated 

at 300 OC for 2 hr. Figure 2-5 a) shows the XRD s p e c t m  collected of the film afier 

heating. The peak at 33' was fkom the n-Si(100) substrate. No peaks fiom the film were 

observed. This clearly indicated that the film still was amorphous afier 300 O C  heating. 

In a similar experiment, another film was prepared. It was heated at 500 OC for 2 hr. 

Figure 2-5 b) shows the XRD spectnim collected of the film. The peaks at 20 = 25 O, 38 

O, 48 O, 54 O and 55 were observed. They corresponded to the reflections fiom the 

anatase (loi),  (004), (200), (105) and (21 1) planes.'Z These data indicated that 

amorphous film crystallized to yield polycrystaliine anatase on the silicon chip upon 

thermal treatment. 

Repeating the experiment but heating at 700 OC instead of 500 OC resulted in the same 

product. Polycrystalline anatase was formed on the silicon chip. 

In a similar experiment, a film was heated at 900 OC for 2 hr. Figure 2-5 d) shows the 

XRD spectnim collected of the film. It shows the peaks at 25 O, 38 O, 48 O, 54 and 55 O. 

They corresponded to the same anatase planes as those in Figure 2-5 c). The X-ray 

diffraction s p e c t m  also shows peaks at 27 O, 36 O, 39 O, 41 O, UO, 54 O and 57 O. These 

corresponded to reflections fiom the (1 1 O), (1 0 l), (SOO), (1 1 1 ), (2 1 O),  (2 1 1) and (220) 

planes of rutile." This indicated that the film was composed of a mixture of anatase and 

rutile. 



A film prepared the sarne way as above was heated at 1 100 OC for 2 hr. Figure 2-5 e) 

shows the XRD spectnim. It shows the peaks at 20 =27 O, 36 O, 39 O, 41 O, Mo, 54O and 

57O. They correspond to the rutile reflections of the ( 1  IO), (101), (200), (1 1 1), (2 IO), 

(21 1) and (220) planes. This film was composed of poIycrystalIine rutile. 

e) 5100C heated 1 

d) 900C heated 1 

Figure 2-5 X-ray powder diffraction spectra collected on titanium dioxide film afier 

heated for 2 hr at 300°C, 500 O C ,  700 OC, 900 OC and 1 100 OC 



The thermal reactions of Ti02 films on the silicon chip are shown in equations 2-5,2- 

6 ând 2-7. 

5OO0C-700°C TiOz (amorphous) , Ti02 (anatase) 

700°C- 1 1 OOOC 

TiOl (amorphous)- TiOz (mixture of anatase and rutile) ( 2 4 )  

1 100°C 
Ti02 (amorphous) -b Ti@  file) 

The unit cells of rutile and anatase are tetragonal. In both rutile and anatase structure, 

T? ion is surrounded by an irregular octahedra of oxide ions. The number of edges 

shared by the octahedra is two out of twelve in rutile. The nurnber of edges shared by the 

octahedra is four out of twelve in anatase." 



23 Discussion 

It has been shown that the Ti(acac)?(i-prop)? precursor solution could form a uniform 

film through spin coating. FTIR spectroscopy indicated that al1 the ligands of 

Ti(acac)z(i-prop)? have been ejected fiom the film upon irradiation under UV light. 

From IMS, it was found that the volatile products upon irradiation were acacH, 3- 

pentene-2-one and 2-propanone. Auger electron spectroscopy indicated that the 

photolysis of Ti(acac)l(i-prop)-, generated TiOz as the film remaining on the silicon chip. 

X-ray powder diffraction indicated that the film remaining on the silicon chip was 

amorphous. The reactions of Ti(a~ac)~(i-prop)~ film, s h o w  in equations 2-8 and 2-9, 

sumrnarïze al1 these results. 

2 Ti0 + O? (in air) - 2 TiO-, (morphous) 43-91 



Figure 2-6 Mechanism for the photo-decomposition of Ti(a~ac)~(i-prop)~ 



The proposed mechanism for the photo-decomposition of Ti(aca~)~(i-prop)~ forming 

Ti0  (equation 2-8), shown in Figure 2-6, is consistent with al1 these resultd5 

The reaction is initiated by the absorption of a photon which result in ligand-to-metal 

charge tram fer transition in the s w i n g  material, Ti(a~ac)~(i-prop)~. The transition results 

in cleaving a titanium oxygen bond of acac ligand. The diradical species (1) is formed. 

The complex (1 ) contains both organic centered radical and titanium in the (UI) oxidation 

state. As a result we expect (1) to be very reactive. The unstable species (1 ) hgrnents to 

form (2) and (3). (2) is unstable as it consists of the highly reactive Ti (LU). It undergoes 

fiagmentation to form a radical species (4), two radical species (5) and TiO. This 

fiagmentation presumably occurs in a multistage process. The hydrogens transfer fiom 

species (5) to species (3) and (4) lead to 2- propanone, 3-pentene-2-one and acacH. Al1 

of these organic products were observed in the MS spectnim. 

The photoreaction of Ti(aca~)~(i-prop)~ film resulted in Ti0  film on the silicon chip. 

The photoproduced T i0  reacting with Oz in air generated the TiOz film. X-ray powder 

diffraction indicated that the TiOz film on the silicon chip was amorphous. 

Heating the amorphous film resulted in its crystallization. Crystallization temperature 

has a strong influence on the structure of the films. At crystallization temperatures of 

500°C and 700, polycrystalline anatase was formed. At intermediate temperatures 

between 700 and 1 100 OC both anatase and rutile were found. Heating in air up to 1 100 

OC, polycrystalline rutile formed. 

Martin et al.') have studied the heating temperature of TiOz films deposited by 

reactive r.f. magnetron sputtering. They have obtained results consistent with ours. In 

their study anatase was transformed to rutile between 700 and 900 OC. It has been 
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reported that the rutile fonn of TiOz is its most stable f01-m.'~ Both anatase and brookite 

transform to rutile irreversibly on heating. The transformation temperature depends on 

the rnethod of preparation of the sample13. Therefore, our experiment results were 

consistent with al1 those reported. 

2.4 Conclusion 

The photochernical deposition of titaniun dioxide films through thin films of 

Ti(acac)~(i-prop)~ precursor has been demonstrated. The photochemistry of Ti{acac)?(i- 

prop)? has been studied by FTIR, MS and Auger electron spectroscopy- 

The Ti(aca~)~(i-prop)~ precursor film absorbs photons upon W irradiaté 

undergoing a ligand-to-metal charge transfer transition. This transition final 

generate TiO, acacH, 2-propanone and 3-pentene-2-one. 

on 

.ly leads to 

The photoproduced Ti0 film reacts with Oz in air resulting in amorphous films of 

Ti@ on silicon substrate. 

Anatase and rutile were successfully formed upon thermal heating. A mixture of both 

anatase and rutile phases has been observed between 700 and 1100 OC. 

2.5 Experimental section 

2 S. 1 Instruments and materials 

N-type Si(100) wafers obtained fkom Shin Etsu were used in these studies. The 

silicon was cut to the approximate dimensions 10xl4rnm as needed. It was cleaned by 

acetone before using. An in house built spin coater was used to coat films on the silicon 

chip. 



The Ti(aca~)~(i-prop)? precursor was obtained cornmercially fiom Aldrich Co. It 

was obtained as a 75 % solution in isopropanol. 

The photolysis of the Ti(aca~)~(i-prop)~ film was monitored by FTIR spectroscopy. 

The photolysis beam was h m  a UVP Inc. mode1 WG-54 short wave UV-254m lamp 

except in section 2.5.3. The photolysis beam in section 2.5.3 was fiom an Oriel spectral 

calibration UV lamp. The FTIR spectra were obtained with 4 cm-' resolution using a 

Bomem MB- 120 FTIR spectrophotometer. 

The mass spectra were recorded with a HP 5958 gas chromatography-MS 

spectrometer. An electron-impact ion source was used and the ion source temperature 

was 200 O C .  The resolution was 1000 amu-'. The electron energy for ionization was 70 

eV. The scanning mass range was 5-120 m/z. 

Auger spectra were obtained using a PHI double pass CMA at 0.85 eV resolution at 

the Surface Analysis Laboratory, Department of Physics, Simon Fraser University. 

XRD spectra were obtained using an X-ray generator system (Model: PW 1730 

Philips Electronic instments Inc.) with Cu &radiation, Department of Physics, Simon 

Fraser University. 

2.5.2 Preparation and photolysis of Ti(acac)?(i-prop)? films 

An FTIR spectrum of a silicon chip was obtained pnor to the film deposition and 

used as a reference. The silicon chip was placed on the platform of a spinner. It was 

secured on the platform with double-sided tape. 0.123Og of Ti(a~ac)~(i-prop), complex 

solution was mked with 1 -240 1 g of toluene. A few drops of this solution were dispensed 

from a disposable pipette ont0 the stationary silicon chip, then spun at 2800 rpm. The 
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chip was spun until the solvent had evaporated (approximately 1 min) and a thin film of 

precursor remained on the chip. 

An FTIR spectrum of the precursor film was obtained. The sam~le  was irradiated 

with 254 nm light for 5 min. Another FTIR spectnim was obtained. This procedure was 

repeated for accumulated photolysis times of 10, 15 and 25 min at which the FTIR bands 

due to the ligands in the Ti(aca~)~(i-prop)~ no longer were observed (see Figure 2-2). 

2.5.3 Mass spectrometric analysis of volatile products produced in the photolysis of 

Ti(acac)?(i-pr~p)~ films 

The volatile photoproducts froni a film of Ti(acac)&prop), on a silicon chip were 

analyzed with a Mass spectrometer. The chamber shown in Figure 2-7 was used to 

collect volatile products fiom photolysis of films. The charnber is made of quarz in order 

to let the photolysis beam pass through it. An Oriel spectral calibration UV larnp was 

used to irradiate the precursor films in the chamber. 

A sarnple of the Ti(aca~)~(i-prop)~ complex 75% in isopropanol0.08 g (obtained 

fiom Aldrich Co.) was mixed with 0.45g of toluene. A drop of this solution was 

dispensed fiom a disposable pipette onto the stationary silicon chip, then spun at 2200 

rpm. The chip was spun until the solvent had evaporated (approximatety 1 min) and a thin 

film of precursor remained on the chip. 



Figure 2-7 A chamber used for collecting MS sample 

The sample was placed in the bottom part of a glass charnber. Then, the top and the 

bottom parts of the device were joined with a greased O-ring. After evacuation of the 

chamber by a vacuum pump for an hour, the valve was closed. The sample in the sealed 

chamber was then irradiated for 25 min with UV lamp. 

The chamber with the sample was connected to a mass spectrometer. The mass 

spectnim of background was recorded and then the spectnim of the sample was recorded. 

The spectra of the volatile products were obtained by subtracting that of background from 

the sample spectra. The MS results are summarïzed in Table 2-2. 



2.5.4 Auger analysis of photoproduced film from Ti(acac)?(i-prop)? 

A Ti(acac)?(i-prop)? precursor film was prepared exactly the sarne as that described 

in section 2.5.3. The film was then irradiated under the UV light for 4 hr. An FTIR 

spectmm of the film was obtained conforming that no bands associated with precursor 

ligands were evident. The sarnple was then moved to Auger electron spectrometer for 

analysis. The results are summarized in Table 2-3. 

2.5.5 Thermal treatment of films produced from Ti(a~ac)~(i-prop)~ 

A Ti(aca~)~(i-prop)? precursor film was prepared as descnbed in section 2.5.3. The 

film was irradiated under the W light for 4 hr. The photoproduced film on silicon chip 

was heated at 300 OC in an oven for 2 hr. An XRD spectrum was obtained after heating. 

The preparation of the other samples was similar to the one described above. The 

amorphous films were obtained from the photolysis of Ti(aca~)~(i-prop)~ precursor films. 

The films were heated at temperatures of 500 OC, 700 O C ,  900 O C  and 1 100 O C  

respectively in an oven for 2hr. The XRD spectrum was obtained following the heat 

treatment. The results are shown in Figure 2-5- 



Chapter 3 Preparation and characterization of 

manganese oxide films 

3.1 Introduction 

In this chapter, the photochemistry of amorphous films of Mn(02CCH(C2H5)C4H9)2 

to form manganese oxide will be presented. Manganese oxide films are technologically 

important materials with a variety of applications, such as electrode materials for lithium 

secondary  batterie^'^ and corrosion inhibiting agents for pallits.'' Different methods have 

been used to produce rnanganese oxide films, e.g. reactive e~a~orat ion, '~  sol-gel and 

ele~trode~osit ion.~~ 

The main objective of this study was to investigate the detail of the photochemical 

reaction of a Mn(02CCH(C2H5)C4H9)2 film on a silicon chip. This complex was selected 

because it could form an amorphous film upon spin coating on a substrate and it is 

photosensitive. It had been shown by Blair in our laboratory9 that photolysis of a 

Mn(02CCH(C2H5)CJ-I& film resulted in the loss of al1 IR absorption associated with the 

ligands while Auger electron spectroscopy indicated that a manganese oxide film had 

been produced on the silicon chip. 

In this study, one goal was to investigate the mechanisrn of the photochemical 

reaction of a Mn(OECH(C2Hs)C4H9)2 precursor film on a silicon chip. A second goal 

was to study the properties of the photoproduced manganese oxide films. In order to 

reach these goals, the volatile photoproducts of Mn(02CCH(C2H5)C4H& precursor film 

were studied by mass spectrometry. The photoproduced films were studied by both 

Auger electron spectroscopy and X-ray powder difiaction. The study of the single 
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component films in this Chapter helped us in the design of processing conditions to 

deposit the multilayer films described in Chapter 4. 

3.2 Results 

3.2.1 Characterization of Mn(02CCH(C2H5)C4H9)2 film 

A minera1 spirits hexane solution of Mn(02CCH(CtH5)C4H& was used as the 

precursor solution. The solution was spin coated to provide an amorphous film on a 

silicon chip. The film appeared to be uniform and featureless by optical inspection. 

The FTIR spectmm of a Mn(02CCH(C2H5)C4H& film was obtained by measuring 

the transmission through the sample. The FTIR spectruxn is s h o w  in Figures 3-1 and 3- 

2. 

Figure 3- 1 shows the FTIR spectmm of the Mn(O2CCH(C2H5)C4H& fihn at the 

range fiom 2500 to 3300 cm-'. A11 of the bands observed in this region are associated 

with the hydrocarbon chain of the ligand." The absorption band at 2961 cm-' is assigned 

to v,(CH3). The absorption band at 2937 cm-' is assigned to v,(CHz). The absorption 

band at 2876 cm-' is assigned to vS(CH3). The absorption band at 2853 cm-' is assigned 

to vs(CH2). The assignrnent of FTiR bands in this region is summarized in Table 3-1. 

Figure 3-2 shows the FTIR spectnun of the Mn(02CCH(C2H#24H& film at the 

range h m  1200 to 1800 cm-'. The bands in this region are associated with the 

carboxylate group of the ligand. The absorption band at 1693 cm-' is assigned to the 

antisyrnrnetric COz stretch in the compound. It is fiom the coordinated 2-ethylhexanoate 

acid in the precursor.'9 The absorption band at 1589 cm" is assigned to v,(COz) of the 2- 
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ethylhexanoate ligands. Two absorption bands at 1464 and 141 1 cm-' are observed as a 

result of the coupling of the vs(COz) on different 2-ethylhexanoate ligands.'9.30 The 

assignment of the FTIR bands in this region is summarized in Table 3- 1 .  

3200 3000 Z ~ O  ZS'OO 
Wavenumbers (cm- 1 ) 

Figure 3- 1 FTIR spectra of a Mn(02CCH(C2H5)C4H& film 

upon photolysis for 0, 5, 10,25 and 45 minutes (2500-3300 cm-') 



W a v e n u m b e r s  (cm-1) 

Figure 3-2 FTIR spectra of a M I I ( O ~ C C H ( C ~ H ~ ) C ~ H ~ ) ~  film 

upon photolysis for 0, 5, 10,25 and 45 minutes (1 200- 1800 cm-') 



The fiequency difference between the antisymmetnc and symrnetric stretches [Av = 

v, (CO?) - v, (COz)] has been used to distinguish the types of bonding of carboxylates 

with rnetals. The Av value decreases in the order unidentate > ionic > bridging > 

Table 3-1 The FTIR absorption band assignment for Mn(O2CCH(C2H5)C4H& 

bidentate. I5 

From the FTIR results, it was found that Av = 125 cm-' for the 

Mn(02CCH(CrH5)C4H9)J film. The Av value is close to the expected value for a bridging 

carboxylate group. Figure 3-3 shows the bonding mode of carboxylate ligand with 

manganese, which was indicated by the FTIR spectnim. 

ligand 

2-ethylhexanoate 

2-ethylhexanoate 

2-ethylhexanoate 

2-ethylhexanoate 

2-ethyl hexanoic acid 

2-ethylhexanoate 

2-ethylhexanoate 

2-ethylhexanoate 

Frequency (cm-') 

296 1 

2937 

2876 

2853 

1693 

1589 
.- 

1464 

141 1 

Band Assignment 

vdCH3) 

v&&) 

vs(CH3) 

VS(C&) 

v a ~ ( c o d  

%(Cod 

v~(coz) 

v~(coz) 



Figure 3-3 Bonding mode of carboxylate ligand with manganese in 

M I I ( O ~ C C H ( C ~ H ~ ) C ~ H ~ ) ~  film 

There is an absorption band at 1693 cm-' associated with v ,(COz) of the coordinated 

2-ethylhexanoate acid in the precursor. Figure 3-4 shows the expected bonding of  the 

coordinated 2-ethyhexanoic acid in the precursor film. 

Figure 3-4 Coordinated 2-ethylhexanoic acid 



The information fiom FTIR is not suffkient to find out the molecular structure of 

Mn(OiCCH(C2Hs)C4H9)2- Tt could be a complex structure, which contains chahs or 

clusters with the bonding modes shown in Figures 3-3 and 3-4. Further consideration of 

the nature of the precursor film is deferred to the discussion 3.3. 

3.2.2 Photolysis of MII (O~CCH(C~H~)C~H~)~  film 

The film of Mn(02CCH(C2H5)C4H& was irradiated with a 254 nrn light. The 

spectral changes associated with photolysis are presented in Figures 3-1 and 3-2. The 

photolysis for 5 minutes resulted in a loss of FTIR absorption bands intensity associated 

with the precursor. The absorption bands associated with both the hydrocarbon moiety at 

296 1,2937,2876 and 2853 cm-' and the carboxylate group at 1589, 1464 and 141 1 cm'' 

al1 decreased in intensity. The absorption band associated with 2-ethylhexanoic acid at 

1693 cm-' also decreased in intensity. In addition to these changes, the appearance of a 

single broad absorption band at 1550 cm'' was observed. 

The loss of absorption bands associated with the precursor is indication of its 

photoreaction. The new absorption band at 1550 cm-' is presumably associated with a 

photoproduct of the precursor. 

Upon photolysis for 10 min, the broad band at 1 550 cm-' increased to maximum. The 

absorption at 1693 cm-' due to the coordinated 2-ethyhexanoic acid was lost. The 

absorption bands associated with vs(COz) at 1464 and 1 4 L 1 cm-' and v,(COz) at 1 5 89 cm- 

1 decreased in intensity (Figure 3-2). The absorption band at 1589 cm-' is no longer 

apparent at this point in the photolysis. The ovedap of the 1589 cm-' band due to the 
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precursor and the 1550 cm'' band of the intermediate lead to a large uncertainty of the 

amount of the 1589 cm-' band remaining. The absorption bands at 1464 and 141 1 cm-' 

approached an absorbance of roughly 60% of the onginal absorbance. It is also obsewed 

fiom Figure 3-1 that following photolysis for 10 min, the absorption bands h m  C-H 

vibrations at 296 1,2937,2876 and 2853 cm-' approached an absorbance of roughly 60% 

of the original absorbance. 

The Ioss of 40 % of the intensity associated with the C-H vibrations is indication of 

the loss of 40 % of the ligand from the film This is based on the assumption that the 

transition probability for these bands is unlikely to be significantly changed upon 

reaction. Unexpectedly the v,(C02) show a similar decrease even though it would not be 

unexpected to see a change in extinction coefficient as a result of a chernical change. 

Based on these conclusions and the loss of the absorption band at 1589 cm-', we can now 

assign ine absorption bands associated with the intermediate. The absorption bands at 

1550, 1464 and 14 1 1 cm-' are al1 associated with the intermediate. Additionally, the 

absorption bands at 2961, 2937,2876 and 2853 cm-' are also associated with the 

intemediate. The absorption bands at 1464 and 14 1 1 cm-' are assigned as due to 

vs(COz). The absorption band at 1550 cm-' is associated with v,(COz). The absorption 

band at 2961 cm-' is assigned to v,(CH3). The absorption band at 2937 cm-' is assigned 

to v,(CHZ). The absorption band at 2876 cm-' is assigned to v,(CH3). The absorption 

band at 2853 cm-' is assigned to vs(CHz). 

The fiequency difference between the antisymmetric and symmetric stretches [Av = 

va, (COz) - v, (CO?)] is 86 cm-' for intermediate film. The Av value is close to the 

expected value for a bidentate carboxylate group. The FTIR of the intermediate is 
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consistent with the bonding mode shown in Figure 3-5. The information fiom FTIR is 

not suficient to predict the molecular structure of the intemediate. For convenience, we 

will assign the formula of the intermediate film as Mn(OrCCH(C2H5)C4H9)x. 

Figure 3-5 Bonding mode of carboxylate ligand with manganese in intermediate 

The photochernical reaction fiom starting precursor to the formation of the 

intermediate is proposed in equation 3-1. 

+ Mn + organic products 

The intermediate film was further imdiated with 254 nm light for another 15 min. 

Upon photolysis, the absorption bands at 296 1,2937,2876 and 2853 cm", which is 

associated with C-H bonds, decreased. The absorption bands at 1464knd 141 1 cm-', 

which is associated with v,(CO2), also decreased. The absorption band at 1550 cm-', 

which is associated with v,(C02), not only decreased but also shifted to Iower 

wavenumber. 
F 



The loss of these absorption bands in intensity is indication of the loss of ligands from 

the intermediate. The absorption band shifk around 1550 cm-' is presurnably due to a 

large and changing range of specific compounds in the film during photolysis process. 

Upon a fhrther 20 minutes photolysis, al1 the absorption bands associated with the 

intermediate were lost. This indicated the loss of al1 the ligands. 

The photochemical reaction fiom the intermediate to final product is proposed in 

equation 3-2. The FTIR did not indicate the identity of the organic products of the 

reaction. We next tumed to mass spectrometry to identifi these products. 

3.2.3 Mass spectrometric analyses of the volatile products formed by the photolysis of 

Mn(O2CCH(C2H5)C4H& films 

As we mentioned above, mass spectrometry was used for the identification of the 

volatile organic photoproducts. In the initial stages of the photochemical reaction, the 

FTIR result indicated that a metal containing intermediate formed and 60 % of the 

organic content of the film was lost. In order to investigate if the organic products 

expected from the film, in this initial reaction, were the same as those produced during 

the decomposition of the intermediate, we collected mass spectra at two different extents 

of reaction. The first mass spectnim was obtained to detect the organic products 

associated with the photolysis of the precursor film. The second mass spectrum was 



obtained to detect the organic products associated with the photolysis with the 

interrnediate film. 

In order to get the photoreaction times to independently rneasure the organic products 

of equations 3-1 and 3-2, a Mn(02CCH(CIH5)C4H9)2 film was prepared on a siiicon chip. 

The photochernical reaction of the film was carried out with the irradiation of an Oriel 

spectral calibration UV lamp and monitored by FTIR. It \-vas found that during the first 

30 min irradiation, the interrnediate FTIR absorption band at 1550 cm-' appeared and 

reached the maximum and the rest of the FTIR absorption bands decreased. This 

indicated that the Mn(02CCH(C2H5)C4H9)2 precursor film had decomposed and that the 

interrnediate had been formed. 

It was also found that it took a further 12 hr photolysis for the intermediate absorption 

band at 1550 cm" to decrease to 70 % its maximal intensity. This indicated that the 

intermediate had undergone substantial reaction. When the film was irradiated using the 

UV larnp for 15 hr, al1 the FTIR bands decreased to the baseline, which indicated that the 

intermediate had decomposed completely. 

The MS samples were then prepared. A Mn(O2CCH(CzHs)C4H& film on a silicon 

chip was prepared by spin coating fiom Mn(02CCH(C2H5)C4H& in minera1 spirits 

solution. The sarnple in a vacuum chamber was irradiated using an UV lamp for 20 min. 

Based on the above results, we expected the products obtained at this point are associated 

with the conversion of the original precursor to the intermediate. The gas phase was 

introduced into the mass spectrometer. The mass spectral data are presented in Table 3-2. 

The spectnim had peaks at d e  of 100,98,85,84,71,70,57,56 and 43. The peaks at 

d e  of 100, 85,7 1, 57 and 43 are associated with heptane (C7H 16, m/e=100) and its 
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fragments, C ~ H  <(m/e=85); C5H l'(m/e=7 1 ); C&I&n/e=57); ~ ~ ~ ; ( r r i l e 4 3 ) .  The 

peaks at d e  of 98,84,7O and 56 are associated with heptene (C7H13, m/e=98) and its 

hgrnents, C&2(mle=84); CsHlo(m/e=70); C4Hg(m/e=56). A peak at mie of 44, which 

corresponded to carbon dioxide, was also detected. This result suggested that the 

photolysis of the precursor film produced heptane, heptene and carbon dioxide. Table 3- 

18. 19 2 summaries the data and interpretation of the mass spectrum of the volatile products 

fiom photolysis of the Mn(02CCH(C2Hs)C4H& film. 

The photochernical reaction of the precursor film descnbed in equation 3-3 is 

consistent with the results. 

A second Mn(OzCCH(CzHs)C4H9)2 film on a silicon chip was prepared by spin 

coating from Mn(02CCH(C2Hs)C4H9)2 in mineral spirits solution again. The sarnple was 

irradiated using the UV Iamp for 30 min. At this reaçtion extent, the precursor film had 

reacted and intermediate had been formed. The intennediate film was then irradiated for 

12 hr in a vacuum charnber. This allowed us tc, collect the volatile products associated 

with the reaction of the intermediate. The gas phase in the vacuum chamber was 

introduced into the mass spectrometer. The mass spectrum detected the volatile organic 

products fiom the intermediate. 



Table 3-2 The MS result of starting precursor and intermediate 

Photolysis of d e  

100, 85, 71, 57,43 

Precursor film 1 98, 84, 70, 56 

The spectnim had peaks at m/e of 100,98,85,84,71,70, 57,56 and 43. The peaks at 

m/e of 100, 85,7 1,57 and 43 are associated with heptane (CfHI6 .  m/e=100) and its 

fragments, C6H 1 ;(m/e=8~); CsH +(m/e=7 1); ~ 4 ~ & d e = 5 7 ) ;  ~ ~ ~ ~ + ( r n / e = 4 3 ) .  The 

peaks at m/e of 98, 84, 70 and 56 are associated with heptene (C7H14, m/e=98) and its 

fiagrnents, CsH iz(mle=84); C5H lo(rn/e=70); C4H&n/e=56). A peak at m/e of 44, which 

corresponded to carbon dioxide, was also detected. The intermediate produced heptane, 

heptene and carbon dioxide upon photolysis. Table 3-2 summaries the data and 

interpretation'8v19 of the mass spectnirn of the volatile products £i-orn photolysis of the 

intemediate. 

It is found that photolysis of the precursor film and the intermediate film produced the 

sarne orgmic products. This result confinned that the intermediate has the same ligands 

as starting material. The equation 3-4 is a proposed photochernical reaction of the 



intermediate film. The final step in the analysis is to determine the extent of oxidation of 

the manganese remaining in the fih. 

3.2.4 Auger electron analyses of films produced by the photolysis of 

Mn(O?CCH(CzHs)C~H& 

In order to detemine elemental composition of the photoproduced film, Auger 

electron spectroscopy was employed. A film of Mn(OrCCH(C2H5)C4H9)2 on silicon chip 

was prepared by spin coating fiom Mn(02CCH(CaHs)C4Hp)2 in minera1 spirits solution. 

The film was photolysed until no bands fiom 2-ethylhexanoate ligand were observed in 

the FTIR spectnirn. This indicated that al1 the ligands were ejected fiom surface. Argon 

ion sputtenng for 15 seconds cleaned the surface of the photoproduced film. An Auger 

electron spectnim was obtained. 

Figure 3-6 a) presents Auger electron spectrum of the film prepared above. Peaks at 

540,589,630 eV correspond to manganese (LMM) and a peak at 502 eV is assigned to 

oxygen (KLL). The'here is also a peak at 271 eV, which associated with carbon (KLL)," 

originating presumably fiom the atmosphere. In order to determine the composition of 

the film, another Auger electron spectrum was obtained afier further 15 seconds argon 

sputtering. It is shown in Figure 3-6 b). The spectnim shows the peaks at 540,589,630 

eV corresponding to manganese (LMM) and a peak at 502 eV corresponding to oxygen 

(KLL). No other peak was observed. This confixmed that the film contained only 

manganese and oxygen. 



Table 3-2 lists the sputter tirne, peak intensity (peak to peak Auger amplitude), 

sensitivity factor and concentration of manganese, oxygen and carbon. If also includes 

the composition of the film obtained fiom the experiment. The calculated compositions 

were based on the intensity of the manganese signal at 589 eV, the oxygen signal at 502 

eV and the carbon signal at 271 eV. The calculated composition of the film presented in 

Table 3-3 was approxirnate due to the 30% error of the AES from the sensitivity factor. 

The composition of the film was within error of MnO, the most stable form of manganese 

oxide." The reported results of ~ l a i p  are within experimental error of those determined 

here. 

From the equation 3-3 and 3-4, it was found that photolysis of 

Mn(02CCH(C2H5)CrH& precursor film resulted in the formation of manganese which 

reacted with O7 in the air to produce a M n 0  film (Equation 3-5). 

Mn + % O2 (in air) Mn0 



I 

!i 
t :  I 
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dN(E) 

100 160 220 280 340 400 460 520 580 640 700 
Kinetic Energy (eV) 

a) Argon ion sputtering for 15 second 

100 160 220 280 340 400 460 520 580 640 700 
Kinetic Energy (eV) 

b) Argon ion sputtering for 30 second 

Figure 3-6 Auger electron spectra of resultant film h m  Mn(02CCH(C2Hs)C4H9)z 
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ltant film fiom Mn( Table 3-3 Auger analysis of resi 

Sensitivity Sputter 

time 

(sec) 

factor 

Mn O C 

Relative intensity 

Mn O C 

3.2.5 X-ray diffraction from the film produced by the photolysis of 

Mn(02CCH(C2H5)C4H& 

From Auger electron analysis result (see section3.2.4), it was found that the 

photolysis of the Mn(OîCCH(C2H5)C4H& precursor film produced MnO. In this 

section, X-ray powder diffiaction was used to further study the resultant film. Figure 3-7 

shows the diffkaction s p e c t m  of the film. The peak at 20 = 3 3' and 56" were fkom 

substrate. No peak fiom the film was observed. This clearly indicated that the 

02CCH(C2H5)C4H9)2 photolysis 

photoproduced film was amorphous. 

Equation 3-6 shows the result. 

M n  + % Oz (in air) Mn0 (amorphous) 

Concentration 
l 

Mn O C 
l 
l 

(%) 
1 

Composit- 

ion 

(calculated) 



Figure 3-7 X-ray powder di fiaction spectrum of photoproduced film fiom 

Mn(02CCH(C2Hs)C4H& 

X-ray powder diffraction was also used to identi@ the structure of heated filrn. 

The amorphous film on the silicon chip was heated at 600 "C for 6 hr. Figure 3-8 shows 

the X-ray powder difhction spectmm collected from the heated rnanganese oxide film. 

There are peaks at approximately 28 =33 O, 38 O, 45 O, 49 O, 55 O, 66 O and 69G. They 

correspond to the reflections fiom a-Mn203 at (222), (400), (332), (43 l),  (440), (622) and 

(444) planes, respectively." These data clearly indicated that amorphous film was 

oxidized and crystallized to yield a polycqstalline film of a-Mn203 upon heating. 



Figure 3-8 X-ray powder diffraction spectrum collected on manganese oxide film after 
thermal treatment 

Auger electron analysis result showed that photolysis of a Mn(02CCH(C2H5)C4H9)2 

precursor film resulted in a Mn0  film on the substrate. During the heating process. Mn0 

reacted with O2 in the air and crystallized f o m h g  a-Mn203 film." Equation 3-7 is 

consistent with the result- 

600°C 
2 Mn0 (amorphous) + % O2 (in air) a-Mnz03 (polycrystalhe) 

The a-Mnz03 structure is related to that of CaF2, fiom which it may be derived by 

removing one-quarter of the anions and then rearranging the atoms somewhat. The 6- 

coordinated Mn atoms are of two types. Instead of 8 neighbours at the vertices of a cube, 



two are missing. For one-quarter of the Mn atoms these two are at the ends of a body- 

diagonal, and for the remainder at the ends of a face-diagonaL3' 

3.3 Discussion 

The FTIR spectra showed that the Av value is 125 cm-* for precursor film 

Mn(02CCH(C2H5)C4H9)2. This value suggested that the bonding of carboxylates with 

metals is bridging type (Figure 3-3). The FTIR spectra also showed the absorption band 

at 1693 cm-'. This suggested that the coordinated 2-ethyihexanoic acid exists in the 

precursor film (Figure 3-4). 

From the information above, it is most likely that the Mn(02CCH(C2Hs)C4H& film 

contains c h a h  and clusters held together by the bonding modes shown in Figures 3-3 

and 3-4. The combination of these two bonding modes has been established in several 

rnolecular s t r ~ c t u r e s . ~ ~ - ~ ~  It is impossible to determine fiom the data that the film is 

composed of a single molecule. 

It has been shown fiom FTIR spectroscopy that the photolysis of a 

Mn(02CCH(CzH5)C&& precursor film yielded a thermal stable intermediate. The 

mass spectrum indicated that the volatile photoproducts fÎom Mn(O2CCH(C2H5)CsH9)? 

were heptane, heptene and carbon dioxide. 

Equation 3-8 is consistent with the above result. For convenience, one kind of 

bonding mode of the precursor molecule is shown in the equation. 



Intermediate + Mn + CO2 + C7H16 + C7Hi4 

The intermediate produced fiom the photolysis of the precursor had an FTIR 

absorption band at 1550 cm-'. When the absorption band at 1550 cm-' increased to 

maximum, the C-H vibrations at 296 1 c r i 1  and vs(COz) bands at 1464 and 141 1 cm" 

decreased to roughly 60% of the original absorbance. This suggested that when the 

intermediate fonned, almost one half of the 2-ethylhexanoate ligand was lost fiom 

Mn(OrCCH(CzHs)C4H9)2 precursor- 

The FTIR spectra also showed that the Av value is 86 cm-' for the intermediate. The 

value indicated that the bonding of carboxylates with metals of the intermediate is 

bidentate type (Figure 3-5). 

The mass specmim indicated that the volatile photoproducts from the intermediate 

were heptane, heptene and carbon dioxide. The volatile products produced Çom the 

photolysis of the intermediate are the sarne as the products produced fiom the photolysis 

of the precursor film. These results confmed that the intermediate contained the 2- 

ethylhexanoate ligand. 



Equation 3-9 is a representation of the reaction of the intermediate film. 

Auger electron spectroscopy indicated that the photolysis of the 

MII(O~CCH(C~H~)C~H~)~ precursor film generated Mn0 as the film remaining on the 

silicon chip. The manganese oxide film is presumably fomed by the reaction of 

manganese with oxygen in the air. 

Mn + l /z Or (in air) - Mn0 

X-ray powder diffraction indicated that the film remaining on the silicon chip was 

amorphous. X-ray powder diffraction also indicated that the amorphous M n 0  film was 

oxidized and crystallized to yield a-Mnz03 upon heating in air. 

The mechanism of the photoreaction of the Mn(02CCH(C2H5)C4H& film forming 

Mn, proposed in Figure 3-9, is consistent with al1 these results. The mechanism proposed 



hv 
LMCT 

Figure 3-9 Mechanism of the photoreaction of M.~(O~CCH(CZH~)C~H& film 



here is similar to that of the copper carboxylate3' and cen- carboxylate complexes.39 

The mechanism in Figure 3-9 is illustrated for the monomer species of 

Mn(0zCCH(C2Hs)C4H&, because the sarne photochmistry is expected to be present in 

monomer units of the cluster. In Figure 3-9, Mn (II) in precursor is indicated as 4 

coordination tu best represents the oxidation state. However, fiom X-ray structures we 

expect coordination number of 6 due to coordinate bonds fiom lone pairs on oxygen. 

The precursor Mn(02CCH(C2H5)C4H9)2 upon absorption of a photon undergoes a 

ligand to metal charge transfer (LMCT). The transition results in cleaving manganese 

oxygen bonds in the carboxylate ligand and forming a manganese complex (1). The 

manganese complex (1) is unstable. One of the manganese oxygen bonds on the sarne 

Mn then cleaves, generating 3-heptyl radical, CO2, species (2) and (3). Species (2) is 

similar molecule to precursor except that it has shorter chah than precursor because of 

the cleaving of species (3). It undergoes M e r  photoreaction upon absorption of a 

photon. 

Species (3) is unstable as it contains the reactive Mn@). It undergoes fragmentation 

and rearrangement, generating intermediate (4), 3-heptyl radical, CO2 and Mn. However, 

the intermediate (4) is therrnally stable but photosensitive, undergoing fragmentation 

upon fbrther irradiation. The fragmentation presumably occurs in a multistage process. 

Mn, COz and 3-heptyl radicals are formed. The organic radical formed fiom the 

precursor and the intermediate undergoes a disproportionation reaction. In this reaction a 

hydrogen atom is trmsferred, yielding one equivalent each of heptane and heptene. 

The coordinated 2-ethyihexanoic acid in the precursor film is also reactive as a result 

of a ligand to metal charge transfer (LMCT) upon absorption of a photon. The transition 
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results in cleaving manganese oxygen bonds in the carboxylate Iigand. The 2- 

ethylhexanoic acid ligand leaves the cluster, fonning CO-, and heptane. 

3.4 Conclusion 

The photochernical deposition of manganese oxide films fkom thin films of a 

Mn(01CCH(CzHs)C4H9)z precursor has been demonsbated. The photochemistry of 

Mn(OlCCH(CIHs)C4H9)-, has been studied by FTIR, MS and Auger electron 

spec troscopy. 

The Mn(02CCH(CrH5)C4H9)2 precursor film absorbs photons upon W irradiation 

undergoing a Iigand-to-metal charge transfer transition. This transition finally leads to 

manganese, C7H16, C7Hl4 and CO2. The manganese reacts with Oz in air to form 

amorphous films of manganese oxide on the silicon chip. Upon heating the amorphous 

manganese oxide films, a-Mn-,03 was produced. 

3.5 Experimental section 

3 S. 1 Preparation and photolysis of Mn(O3CCH(C2H5)C4Hs)i films 

The FTIR spectrophotometer, mass spectrometer and Auger electron spectroscope 

used in these studies were similar to those introduced in section 2.5.1. 

The photolysis beam for the experirnent was fiom a UVP Inc. Mode1 WG-54 short 

wave W-25411x11 lamp except in section 3.5.2. The photolysis beam in section 3.5.2 was 

fiom an Onel spectraI calibration UV larnp. 



X-ray diffraction spectrum in Figure 3-7 was obtained using an X-ey generator 

system (Model: PW 1730 Philips Electronic Instruments Inc.) with Cu K, radiation, 

Department of Physics, Simon Fraser University. X-ray diffraction spectrum in Figure 3- 

8 was obtained using an X-ray generator system (Model: D-max/RAPID-S) produced by 

Rigaku. 

The Mn(02CCH(C2H5)C4H& sarnple was obtained cornmercially fiom Strem 

Chemicals Co. It was obtained as a 40% solution in mineral spirits. 

A 0.06 15g of the Mn(02CCH(C2H5)C4H9)2 mineral spirits solution was mked with 

0.6 150g of hexane. This soiution was used as the precursor solution. 

An FTIR spectrum of a silicon chip was obtained prior to the film deposition and 

used as a reference. The silicon chip was placed on the platfom of a spinner. It was 

secured on the platform with double-sided tape. A few drops of the precursor solution 

prepared were dispensed fiom a disposable pipette ont0 a stationary silicon chip, then 

accelerated to 2200rpm. The chip was spun until the solvent had evaporated 

(approxïmately 1 min) and a Mn(02CCH(C2H5)C4H& thin film remained on the chip. 

An FTIR spectrum of Mn precursor film was obtained. The sarnple was irradiated 

under the UV lamp for 5 min. Another FTIR spectnun was obtained. The extent of the 

reaction was monitored by measuring the intensity of the FTIR bands associated with the 

complex. This procedure was repeated for accumulated photolysis times of 10,25 and 45 

min at which tirne no FTIR bands in the region expected for the ligands were observed 

(see Figure 3- 1 and 3-2). 



3.5.2 M a s  spectrometric analysis of volatile products produced in the photolysis of 

Mn(02CCH(C2H5)C~H& films 

A mass spectrometer was used to the detection of organic products produced from 

the photolysis MII (O~CCH(C~H~)C~H~)~  and the organic products from the photolysis of 

the intermediate (in equation 3-1 and 3-2). The chamber shown in Figure 2-7 was used to 

collect volatile products frorn photolysis of films. A sample of Mn(O7CCH(C2Hs)C4H& 

in minera1 spirits (obtained from Strem Chernicals Co.) was used as the precursor 

solution. An One1 spectral calibration W lamp was used to irradiate the precursor film. 

In order to detect organic products, it was necessary to study their photoreaction time. 

The photoreaction of Mn(02CCH(C2H5)C4H& fiim was monitored by FTIR. A few 

drops of this solution were dispensed fiom a disposable pipette ont0 a stationary silicon 

chip, then spun at 2200 rpm. The chip was spun until the solvent had evaporated 

(approximatelylmin) and a thui film of Mn(02CCH(C2H5)C4H& remained on the chip. 

An FTIR spectrum of the film was obtained. The sample was then irradiated with the UV 

lamp in a quartz chamber for 15 min. Another FTIR spectrum was obtained. These 

procedures were repeated for accumulated photolysis times of 25, 30,40,50 min, 1 hr, 1 

hr 30 min, 1 hr 45 min, 12 hr and 15 hr at which tirne FTIR bands associated with the 2- 

ethylhexanoate ligands were no longer observed. 

From the FTIR spectra, it was found that during the fust 30 min photolysis, the FTIR 

bands decreased in intensity. An intermediate band at 1550 cm-' appeared and increased 

to maximum at 30 min. II indicated that the Mn(OzCCH(CzHs)CsH9)2 precursor film had 

decomposed and the intemediate had been formed during this time. Upon photolysis the 

film for a fÙrtherl2 hr, the FTIR band at 1550 cm-' decreased to 70% its maximal 
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intemsity. This indicated that the intermediate had undergone substantial reaction. When 

the film was irradiated for 15hr, the FTIR bands al1 decreased to the baseline indicating 

that al1 the intermediate decomposed- 

A sampIe for MS was prepared by spin coating Mn(0~CCH(CzHs)C4H& precursor 

solution on a silicon chip at 2200 rpm again. The sample was piaced in the bottom part 

of the quartz charnber. Then, the top and the bottom parts of the device were joined with 

a greased vacuum O-ring- AAer evacuation of the chamber by a vacuum pump for an 

hour, the valve was closed. The sample in the sealed chamber was then irradiated for 20 

min with the UV larnp. The chamber with the sample was comected to a mass 

spectrometer. The mass s p e c t m  of the background was recorded and then the spectrum 

of the sarnple was recorded. The spectrum of volatile products was obtained by 

subtracting that of background fiom sample spectrum. 

Another sample for MS was prepared by spin coating Mn(02CCH(C2H5)C4H9)2 

precursor solution on a silicon chip at 2200 rpm again. It was placed in the bottom part 

of the quartz chamber. The sample was irradiated with the UV larnp for 30 min. Then the 

top and the bottom parts of the device were joined with a greased vacuum O-ring. After 

evacuation of the chamber by a vacuum pump for an hour, the valve was closed. The 

sample in the sealed chamber was then irradiated for 12 hr with the UV larnp. The 

chamber with the sample was comected to a mass spectrometer again. The mass 

spectmm of the background was recorded and then the spectnun of the sampte was 

recorded. The MS results are shown in Table 3-2. 

3.5.3 Auger analysis of photoproduced film fkom Mn(OtCCH(C2H5)C4H9)2 

6 1 



A Mn(02CCH(C2H5)C4H9)Z film was prepared as described in section 3-52. The film 

was then imdiated with an UV light for 24 hr. An FTIR of the film was obtained and its 

spectrum showed that al1 the bands associated with precursor ligands had been lost. The 

sarnple was then moved tu the Auger electron spectrometer for analysis. The results are 

showed in Table 3-3. 

3.5.4 Thermal treatment of films produced fiorn Mn(O?CCH(C2H&H& 

A Mn(02CCH(C2H5)C4HP)t film was prepared as described in section 3-52.  The 

precursor film was inadiated with an W lamp for 24 hr. The photoproduced film on the 

silicon chip was heated in air at 600°C for 6 hr. The X-ray powder difiaction s p e c t m  

was obtained. The result is shown in Figure 3-8. 



Chapter 4 Fabrication of titanium oxide and manganese oxide 

multilayer films 

4.1 Introduction 

In the past several decades rnultilayer thin films have attracted considerable 

10.4 1 interest. It is hoped that these new materials will exhibit novel and interesting as well 

as useful properties. Following the study of titanium compound and manganese 

compound, this chapter will describe the deposition of alternating titanium oxide and 

manganese oxide multilayer films- 

From chapter 2 and chapter 3, it was found that Ti(i-prop)z(acac)? and 

Mn(02CCH(C2H5)C4H9)? can readily be coated on silicon substrates forming amorphous 

precursor films. Photolysis of the precursor films in an air atrnosphere led to the loss of 

the ligands. Titanium oxide films and manganese oxide films were obtained on the 

silicon substrate. Based on these results, it was postulated that a titanium oxide film 

could be a useful substrate for a Mn(02CCH(C2Hs)C4H& precursor film. If it is true, a 

manganese oxide film could be formed on a titanium oxide film by photolysis of the 

appropriate precursor film. It was also postulated that a manganese oxide film could be a 

useful substrate for a Ti(i-pr~p)~(acac)~ precursor film. If it is correct, a titanium oxide 

film could be formed on a manganese oxide film by photolysis of the appropnate 

precursor film. 

The goal of this study was to explore the use of photochernical metal organic 

deposition (PMOD) to prepare altemating titanium oxide and manganese oxide 

multilayer films. The new process (PMOD) has some advantages: the reaction is canied 



out at room temperature, reaction does not require a sophisticated vacuum chamber as it 

can be carried out under atmospheric pressure. 

The following sections will descnbe the preparation of multilayer films. The bilayer 

thickness of the multilayer sarnples was studied by low angle X-ray powder diffraction. 

X-ray powder diffkaction at high angle was also employed to identiQ the phase of the 

multilayer films. Figure 4-1 schematically shows a target multilayer film composed of 9 

layers fiom two different metal oxides on a substrate. 

Manganese oxide film 
-- - - - -- 

I Titanium oxlde film 

Figure 4- 1 Schematic diagram of a target multilayer film composed of 

altemating 9 layers fkom titaniurn oxide and rnanganese oxide films 



4.2 Results 

4.2.1 Preparation of alternating titanium and manganese oxides films 

A room temperature photochemical method (PMOD) was used for the deposition of 

titaniurn oxide/manganese oxide multilayer films. A toluene isopropanol solution of Ti(i- 

prop)l(acac)-, was used as the precursor solution for the titanium oxide layers. A minerat 

spirits hexane solution of Mn(OrCCH(C2H5)C4H9)2 was used as the precursor solution for 

the manganese oxide layers. 

Sample ATM was prepared on a 4-inch wafer. The preparation procedure is as 

follows. A clean silicon wafer was placed on the platform of a spinner. The wafer was 

secured on the platform by vacuum force. 3 ml of the Ti(i-pr~p)~(acac)~ stock solution 

with a precursor to toluene weight ratio of 1 :80 was dispensed from a disposable pipette 

ont0 the stationary substrate. The substrate was accelerated to 2500 rpm (Figure 4-2a). 

The wafer was spun until the solvent had evaporated (lmin) and a thin film of precursor 

remained on the wafer. The w a k  5 t h  film on the top was removed fiom the spinner and 

put on a rotating platform. It was imdiated using UV-254nm light for 30 min on the 

slowly spinning platfoxm (Figure 4-2b). A control experiment was done to ensure that 30 

min irradiation was suficient to convert the precursor f i h  to an amorphous titanium 

oxide film. 

The wafer was placed on the platform of the spinner again. It was secured on the 

platform by vacuum force. 3 ml of the Mn(02CCH(C2H5)C4H9)2 stock solution with a 

precursor to hexane weight ratio of 1 : 160 was dispensed fiom a disposable pipette ont0 

the stationary substrate. It was then accelerated to 2500 rpm (Figure 4-2c). The wafer 

with film on the top was removed fiom the spinner and put on the rotating platform. It 
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was then irradiated using UV-254nm light for 30 min (Figure 4-2d). A control 

experiment was done to ensure that 30 min irradiation was suficient to convert the 

precursor film to an amorphous manganese oxide film. 

The procedure was repeated by altematively spin coating Ti(i-pr~p)~(acac):! and 

Mn(02CCH(C2Hs)C4H& stock solution and hdiat ing the coated films until the 9 

bilayers were produced. 

Ti stock solution 
Precursor: toluene = 1 : 80 

spin coated 
4 

irradiated 

11 (el (e), Mn stock solution 

+ 
spin coated 

Figure 4-2 Fabrication procedures of multilayer sarnple (ATM) 

Several other samples were prepared by a modification of this procedure. Samples 

BTM, CTM, DTM and ETM were prepared on silicon chips of approximate dimensions 
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1 Ox l4mm. The preparation method for these four samples was simila. to the method 

described above. The precursor films of Ti(i-pr~p)~(acac)~ were prepared by spin 

coating the stock solutions. They were photolyzed with a U V  Iight without rotation. The 

precursor films of Mn(O2CCH(C1H5)C&i9), were prepared by spin coating the stock 

solutions. They were photolyzed with a UV light without rotation. The preparation 

parameters, concentration of precursor solutions, spin speed used for spin coating, 

photolysis times of the films and the number of layers in each sampte, are listed in Table 

4-1. 





4-23 Characterization of alternating titanium and manganese oxide films 

The 9 bilayer sample ATM was prepared on a C h c h  wafer. The surface of the 

sample appeared to be optically uniform. Tt was cut to the approximate dimensions 

10x 14mm for characterization. 

A low angle X-ray diffraction spectrum of the sample was obtained. The X-ray 

diffraction pattern is shown in Figure 4-3. It reveals apparent periodicity in the 

multilayer sample. The bilayer thickness is calculated by Bragg equation 4- 1, where X- 

ray waveiength is 0.154 nm. The difiaction peak at 1 .67°M. 10' indicates that the bilayer 

thickness of the sample is 5.3f0.5 nm. 

nh = 2dsinû 4- 1 

This matenal was constmcted by nine bilayers so the overall thickness is nine times that 

of an individual bilayer or 47.7k4.5 nm. 

I ! - 
i 

ATM 
l 

1 

' ) r  
e - 
i 133 
t 
i 22 

E - 
1 
, 
I 
l 
I 

1 5000 1 

j 1 1.5 2 2.5 3 

2 theta 

Figure 4-3 Low-angle x-ray difiaction spectrum of 9 layers sample (ATM) 
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An optical interferometer was also wed to rneasure the overall thickness of the 

sample ATM. A Wnge shifi, N, was observed 0.17B.03. The wavelength of optical 

interferometer is 546 m. According to equation 4-2, the sample thickness was 46.4k8.2 

m. 

T = N * W 2  4-2 

The agreement in the thickness obtained fiom X-ray powder diffraction (47.7k4.5 

nm) and optical interferometer (46.4k8.2 nm) is within experirnental error. 

1 

1 2 theta 

BTM 

CTM 

DTM 

FTM 

Figure 4-4 Low angle x-ray difiaction patterns of four samples, 

BTM, CTM, DTM and ETM 



Figure 4-4 shows the Iow angle x-ray difiction patterns of the rem-aining multilayer 

samples. It is observed that BTM film has the first order of low angle peak at 

0.97°H. 1 O0 and second order of low angle peak at 1.94Oi0.1 OO. From the Bragg 

equation, the low angle peaks at 0.97°&0. 10' and 1.94Ok0.1 O0 lead to 9.1k1.0 MI for the 

bilayer thickness. 

It is also observed that CTM film has the first order of low angle peak at 1.02*+0.10°. 

The bilayer thickness of the film calculated from Bragg equation is 8.6kl .O nrn. 

From Figure 4-4, it is found that DTM film has the first order of low angle peak at 

1 .30°+0. 10'. The bilayer thickness of the film calculated fkom Bragg equation is 6.8H.5 

m. 

Figure 4 4  also shows that ETM film has the first order retlection of the low angle 

peak at 1 -9 1 "Hl. 1 O", which leads to a bilayer thickness of 4.6M.S nrn. 

From sample BTM to ETM, the first order of low angle peaks shifted to higher angle. 

It indicates that the bilayer thickness calculated fiom Bragg equation decrease fiom 

sample BTM to ETM. The bilayer thickness of the multialyer samples calculated fiom 

low angle XRD are summarized in Table 4-1. 

From Table 4- 1, it is found that the concentration of precursor solutions of BTM and 

CTM were same. The spin speed of CTM substrate (2800 rpm) when coating 

Mn(O1CCH(CzH5)C4H& precursor was faster than that of BTM substrate (2200 rpm). It 

was found that CTM film (8.6 nrn) is thinner than BTM film (9.1 nm). This is consistent 

with the expectation that faster spin speeds of the substrate leads to thinner films.42 

Comparing sarnple BTM with DTM, the spin speeds of substrates are same. But the 

concentration of Ti(i-pr~p)~(acac)~ for DTM (1:50) is more diluted than for BTM (1 :30). 
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As a result, DTM film (6.8 nm) is thinner than BTM film (9.1 nm)- This is consistent 

with the expectation that more diluted precursor solution leads to thinner films. 

Cornparing sampIe CTM with ETM, the spin speeds of their substrate were same. 

The precursors of ETM were more diluted than that of CTM. It was observed that ETM 

film (4.6 nrn) is thimer than CTM film (8.6 nm). This is again consistent with the 

expectation that more diiuted precusor solution leads to thinner films. 

The above cornparisons showed that diluted precursor solutions and faster spin speeds 

of substrates produced thinner multilayer samples. This is expected from previous 

studies of spin coatingP2 

4.2.3 Thermal diffusion in films of alternating titanium and manganese oxides 

To explore the structure change of multilayers, low angle x-ray diffraction data were 

collected as a tùnction of the hepting tirne. The multilayer sample DTM is composed of 

30 bilayers of alternating titanium oxide and manganese oxide films. A low angle X-ray 

diffraction spectnim was obtained fkom the as-deposited film. XRD spectra were 

obtained again after it was heated for 1,Z and 3 hr at 300°C. 



300C for 2 hr. 
* 

300C for 1 h:. 
I 

as deposited film ' 

Figure 4-5 Low angle X-ray diffraction patterns of DTM-30 layer film 

Figure 4-5 shows the X-ray diffraction patterns of DTM as-deposited film, film 

heated at 300°C for lhr, 2hr and 3hr. It is observed that 300 O C  heating for 1 and 2 hr 

leads to a shift of the Bragg reflection to higher angle. This indicates that bilayer 

thickness of the rnultilayer film decreased presurnably due to the elimination of voids 

existing in the as-deposited film. The film has become denser. The 300°C heating for 3 

hour results in loss of the low-angle peak. This loss suggests that the layered structure 

does not exist any more because of interdifision of the altemating layes. 



heated 

d _ . lasdeposited film 

Figure 4-6 High angle XRD spectra collected on DTM sarnple 

In order to characterize multilayer film, high angle XRD spectra were collected on the 

same sample, DTM. The fint high angle XRD spectnim was collected on as-deposited 

DTM. The second high angle XRD spectnim was collected after it was heated for 3 hr at 

300°C. Figure 4-6 shows the XRD spectra. No Bragg dieaction fiom the as-deposited 

film and 300°C heated film was observed. This indicated that as-deposited sarnple, 

DTM, was amorphous multilayer film. When it was heated for 3 hr at 300°C, it was still 

amorphous. 



4.2.4 Characterization of crystalline Nms 

In order to crystallize the amorphous film, sample DTM was further heated at 700°C 

for 3 hr. A high angle XRD spectrum was collected after the sample had been heated. 

The spectrum is shown in Figure 4-7. There are peaks at approximatcly 20 = 27', 33 O, 36 

O, 38 O, 3 9 O ,  4 1 O, Mo, 54 O and 57O. 
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Figure 4-7 Hi& angle XRD spectra of heated 30 layer films DTM, a-Mn203 (fiom 

Figure 3-7) and Ti02 films (fiom Figure 2-5e) 

In order to compare with the XRD patterns of possible products, XRD patrems of a- 

Mnz03 (produced by the method at chapter 3) and rutile (produced by the method at 

chapter 2) are also showed in Figure 4-7. 



There are peaks at approximately 20 = 27", 3 3 O .  36", 38", 39", 41°, do, 54'- 55", 57". 

and 6 6  from sample DTM. The peaks at 20 = 27O, 3 6 O ,  39', 4 1'. 44", 54' and 57' match 

the peaks fiom rutile pattern. They correspond to the reflections fiom the rutile ( 1  10). 

( 1 O 1 ), (200), ( 1 1 1 ), (2  1 O), (2 1 1) and (220) planes." 

The peaks at 20 = 3 3 O ,  38 O, 55 " and 66 match the difiaction peaks from a a-Mn203 

sample They correspond to the reflections fiom a a-Mn203 (222), (4001, (440) and (622) 

planes, r e ~ ~ e c t i v e l ~ . ~ '  The X-ray diffraction pattern suggests that the formation of a a- 

Mn203 structure and rutile has occurred in the sample DTM during heating at 700 OC. 

Figure 4-8 Phase diagrarn of M~o,-T~o? 



Figure 4-8 shows the phase diagram of system MnOx-TiOz in air43. H ,, = solid 

solution MnJi3<04 with the hausmannite structure; S , = solid solution Mn,Ti3_,04 

- with a spinel structure; a s, - solid solution MnpTiz-,O3 wiih a-Mnz03 structure. It is 

f o n d  that in a Ti/ (Ti + Mn ) range of 0.12 - 1 .O, a solid solution, MnPTiz,O3 with the a- 

M n a 3  structure, and titaniurn dioxide are formed when titanium oxide and manganese 

oxide are mixed and heated to 850 OC. 

From the preparation parameters in Table 4- 1, it was found that the Ti/ (Ti + Mn ) 

range of sample DTM is in the range of 0.12 - 1 .O. It is consistent with the phase 

diagram that a solid solution of MnpTiz,03 with the a-Mn203 structure and titanium 

dioxide were fonned when it was heated at 700 OC. 

The similarity between the XRD result and the expecbtion fiom the phase diagram 

indicate that the sample may have reached thermodynamic equilibrium. In order to test 

whether this is reasonable, we prepared a sample of a non-layered film of titanium and 

manganese oxide and subjected it to a sirnilar thermal treatment. 

The titanium rnanganese mixed oxide sample, FTM, was prepared as follow. A 1 : 1 

stoichiometric mixture of Ti(i-pr~p)~(acac)~ and Mn(02CCH(C2H5)C4H9)2 in isopropanol 

minera1 spirits was prepared first. The mixture was spin coated ont0 a silicon substrate. 

An FTIR spectrum of the film was obtained. It showed the absorption bands of both 

precursors. This film was photolysed with a 254 nm light for 24 hr. Another FTIR 

spectxum was obtained which ensured us that al1 absorption associated with the precursor 

ligands had decreased to baseline. The sample was heated at 600°C for 2 hr. An X-ray 

powder diffraction pattern was obîained. In order to facilitate a cornparison, the XRD 
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patterns of the multilayer sample, DTM, that had been heated at 700 OC and nonlayered 

film, FTM, that had been heated at 600 O C  are s h o m  in Figure 4-9. 

Dl'PhCb30 byers firn 
heated a t 300C for 3 hr 
and 700C for 3 hr 

Ti and hhi mKed mtal 
film heated at 6ûûC for 

Figure 4-9 High angle XRD spectra of heated films 

From Figure 4-9 it is found that there are peaks at approximately 28 = 27", 33 O, 36 O, 

38 O, 41 and 54 ' fkom sarnple FTM. As we mentioned earlier, there are peaks at 

approximately 28 = 27', 33 O, 36 O, 38 O, 3 9 O :  41 O, 44O, 54 O and 57' from sarnple DTM. 

The X-ray diffraction pattern of non-layered sample FTM is like that of multilayer 

sample DTM. It is assumed that the peaks at 20 = 3g0, 44' and 57' for FTM film were 

too weak to be detected. The XRD patterns indicated that heating multilayer sample 

produced the same products as that of non-layered metal oxide mixture. 



The ratio of the Ti/ (Ti + Mn ) of sample FTM is 0.5. It is consistent with phase 

diagram that a solid solution of MapTir,03 with the a-Mn203 structure and titanium 

dioxide was formed when the sample FTM was heated at 6 0 0 ~ ~ .  

Al1 these results indicated that when the multilayer sample, DTM, was heated at 700 

OC and the titanium manganese oxide, FTM, was heated at 600 OC, a solid solution of 

MnPTiZ.,O3, with the a-Mn203 structure, and rutile were formed. These results suggest 

that they are the thermodjnarnic products in both cases. 

4.3 Discussion 

Photochemical metal organic deposition is a room temperature deposition rnethod. 

By this method, five multilayer sarnples ATM, BTM, CTM, DTM and ETM have been 

prepared. The formation of multilayer samples indicated that amorphous titaniurn oxide 

film formed a useful substrate for the manganese precursor film. It aiso indicated that the 

amorphous manganese oxide film formed a useful substrate for the titanium precursor 

film. The low angle X-ray data confmed that each layer remained intact while 

additional layers were deposited. 

The multilayer samples we prepared have different thickness. They were fabricated 

by adjusting the deposition parameters. The basic variables are concentration of 

precursor solutions and spin speed of the substrates. 

More dilute precursor solutions and faster spin speed of substrate produce thinner 

multilayer sample. These results are consistent with results found for single layer films.4' 

This feature clearly indicated that our PMOD method could not only be used to fabricate 

multilayer thin films, but also to control the layer thickness of the films. This control is 
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achieved by controlling the spin speed of the silicon substrate and the concentration of 

the precursor solutions. This feature will permit the tailoring of physical properties of 

films as a function of compositional layer thickness. 

The multilayer samples have been characterized by low angle X-ray difiaction. It 

was observed that intensity of Bragg reflections in low angle X-ray diffmction spectra 

were not hi&. The reason for the low intensity is that Ti and Mn have similar atornic 

numbers, hence, the contribution of the compositional modulation to the XRD intensity is 

smail." The bilayer thickness of multilayer samples we prepared were 4 - 10 nm, as 

determined by the low angle X-ray diffraction. The X-ray data confixmed that the layer 

thickness \vas reproducible. 

The X-ray diffraction data have been collected as a function of heating time at 300 

OC. The X-ray peaks shifted and then were lost due to the interdifision of the layers. In 

the future, it may be possible to use low angle X-ray diffraction to measure the 

interdiffision rates of the multilayer samples. 

The sarnples were also characterized by high angle X-ray diffraction. The results 

suggested that both multilayer and nonlayered films reached thermodynamic equilibrium 

afier they were heated at 600 - 700 OC. The thermodynamic products are the solid 

solution, Mn,Ti2.,O3 with a-Mn203 structure, and rutile. 

Figure 4-10 is a diagram, which shows the evolution of the multilayer sarnple DTM 

upon thermal treatment. The results were consistent with complete interdiffision of the 

original layers when it was heated at 300°C. Thermal treatment at 700 OC resulted in the 

formation of a crystal film, which composed of solid solution, Mn,Tiz-p03 with a-Mn203 

structure, and rutile. 



3 0 0  O C  ) 
interdiffusion 

Multilayer sample Nonlayered amorphous film Crystal film composed of  
DTM soiid solution MnpTi2-,O3 and rutile 

Figure 4- 10 A diagram of the multilayer sample structure change by low and high 

temperame treatrnent 

The heating rate is a key to control the multilayer structure change. By changing the 

heating rate, it allows the fabrication of materials with different structure. As a fume 

work, it would be usefiil to heat multilayer samples at different heating rate. It should be 

possible to produce a multilayer film, which is composed of solid solution, Mn,Tir,03 

with the a-Mn203 structure, and rutile. This will not be a thermodynarnic product, but a 

product that is kinetically trapped (Figure 4-1 1). 

Manganese oxide 
= titanium oxide 

0 Solid solution Mn,Ti2.,03 
= rutile 

Figure 4-1 1 A diagram of the kinetic product 

4.4 Conclusion 

Multilayer films composed of titanium oxide and manganese oxide layers have been 

fabricated by photochernical metal organic deposition for the first t h e .  The multilayer 

structure was confirmed by the observation of Bragg diffraction peaks at srnali angles. 

The ability to control the thicknsss of the layers by PMOD has been demonstrated. Five 
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multilayer films with bilayer thickness of 4.6 nm, 5.3 nm, 6.8 nm, 8.6 nm and 9.1 nm 

were prepared. This thesis has established that this new process is a promising technique 

for the deposition of metal oxide multilayer films. 

4.5 Experimental section 

4.5.1 Instruments and materials 

N-type Si(lO0) wafers obtained fiom Shin Etsu were used as substrates. They were 

cleaned with acetone before use. A spimer fiom Laurel1 Technologies Corp was used to 

coat films on 4-inch wafers. An in house built spin coater was used to coat films on chips 

with 10x1 4mm size. An in house built motor was used to spin a 4-inch wafer during the 

photolysis. 

A Ti(i-pro~)?(acac)~ isopropanol solution, 75%, was obtained £kom Aldrich Co. The 

Mn(02CCH(C2Hs)C4H& mineral spirits solution, 40% was obtained from Strem 

Chemical Co. 

The photolysis beam was fiom a UVP Inc. mode1 WG-54 short wave W-254 nrn 

lamp. The FTIR spectra were obtained with 4 cm-' resolution using a Bomem MB- 120 

FTIR spectrophotometer. 

Low angle X-ray difiaction spectra were obtained using an X-ray generator system 

(Model: PW 1730 Philips Electronic Instruments Inc.) with Cu K, radiation, Department 

of Physics, Simon Fraser University. 

High angle X-ray diffraction spectra were obtained using an X-ray generator system 

(Model: D-max/RAPID-S) produced by Rigaku. 



4.5.2 Preparation and photolysis of single layer films 

In order to find out the photolysis time for each precursor film of multilayer samples, 

two expenments were conducted. One experirnent was performed to obtaine the 

photolysis Ume required to convert a Ti(i-pr~p)~(acac)~ film to titanium oxide. The other 

one was to obtaine the photolysis time required to convert a Mn(02CCH(C2Hs)C4H& 

fih to manganese oxide. 

Ti(i-pr~p)~(acac)z precursor solution was prepared by mixing 0.0380g of Ti(i- 

p r~p)~(acac)~  complex solution with 1.1493g of toluene (mass ratio 1 :30). A few cirops 

of precunor solution were dispensed from a disposable pipette ont0 a stationary silicon 

chip with lOx14mm size. The chip was spun at 2500 rpm for 1 min. The film on the 

chip was irradiated with a 254 nm light. FTIR was obtained every minute to monitor the 

photoreaction of the film. It was found that after 13 min photolysis, the FTIR bands due 

to the ligands in the precursor no longer were observed. 

Mn(O2CCH(C2H5)C4H9)? precursor solution was prepared by mixing 0.0436g of 

Mn(02CCH(C2Hs)C4H9)2 complex solution with 2.1867g of hexane (mass ratio 150). A 

few drops of precursor solution were dispensed from a disposable pipette ont0 a 

stationary silicon chip. The chip was spun at 2200 rpm for 1 min. The film on the chip 

was irradiated with a 254 nm light. FTIR was obtained every minute to monitor the 

photoreaction of the film. It was found that after 13 min photolysis, the FTIR bands due 

to the ligands in the precursor no longer were observed. 

The rest premsor solutions of multilayer sampies have the same concentration or 

more diluted than the precursor solutions we have tested above (see table 4-1). We 



decided to photolyze 15 min for each precursor film during the fabrication of multilayer 

films. 

Because sample ATM was prepared on a 44x1 wafer, the UV light could reach half of 

the wafer. We decided to photolyze the precursor films on a tuming motor for 30 min 

during the fabrication of sample ATM. 

4.5.3 Fabrication of titanium oxide and manganese oxide multilayer films 

Sample ATM was prepared on a Cinch wafer. The preparation procedure is as 

follow. .4 Ti(i-pr~p)~(acac)~ precursor solution of ATM was prepared by mixing 0.2685g 

of Ti(i-pr~p)~(acac)~ complex solution with 2 1.48 180 of toluene (mas  ratio 1 : 80 j. A 

Mn(02CCH(C2H5)C4H& precursor solution of ATM was prepared by mixing 0.09868 of 

Mn(OiCCH(C2H5)C4H& complex solution with 1 5.7775g of hexane (rnass ratio 1 : 1 60). 

A clean silicon wafer was placed on the platform of a spinner. The wafer is secured 

on the platform by vacuum force. A layer of Ti(i-pr~p)~(acac)~ precursor film on the 

wafer were produced by pipettïng 3ml of precursor solution ont0 a stationary wafer, 

which was then accelerated to 2500 rpm. The wafer was spun until the solvent had 

evaporated (1  min) and a thin film of precursor remained on the wafer. The wafer with 

film on the top was removed fiom the spimer and put on a motor. It was irradiated using 

UV-254x1111 light for 30min on the low spin motor. The wafer was placed on the platfom 

of the spinner again. A layer of Mn(02CCH(C2H5)C4H9)2 precursor film was ~roduced 

by pipetting 3ml of precursor solution ont0 the stationary wafer, which was then 

accelerated to 2500 rpm. The wafer with film on the top was removed fkom the spimer 

and put on the motor. It was irradiated using W-254nm light for 30rnin on the low spin 
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motor. The procedure was repeated b y spin coating Ti(i-p~op)~(acac)- and 

Mn(02CCH(C2H5)C4H9)2 stock solutions and irradiating precursor films until the 9 

bilayers were achieved. 

The method of preparing BTM, CTM, DTM and ETM is simila. A11 these samples 

were prepared on silicon chips with 1 OX 1 4mm size. Their preparation parameters, such 

as spin speed, photolysis tirne and the number of bilayer are showed in Table 4-1. 

A Ti(i-prop)t(acac)-, precursor solution of BTM was prepared by mixing 0.03 80g of 

Ti(i-pr~p)~(acac)~ complex solution with 1 .1493g of toluene (mas  ratio 1 :30). A 

M ~ ( O Z C C H ( C ~ H ~ ) C ~ H ~ ) ~  precursor solution of BTM was prepared by mixing 0.0436g of 

Mn(O2CCH(C2H5)C4H9)2 complex solution with 2.1 8678 of hexane (mass ration 1 50). 

A clean silicon chip of IOxl4mm was placed on the platform of a spin coater. It was 

secured on the platform with double-sided tape. A few drops of Ti(i-pr~p)~(acac)~ 

precursor solution were dispensed fiom a disposable pipette onto the stationary silicon 

chip. The chip was spun at 2800 rpm for 1 min. The chip with the film was removed 

fiom the spin coater and irradiated with 254nm light for 15min. The sample chip was 

secured on the spin coater again with double-sided tape. A few drops of 

Mn(02CCH(C2H5)C4H9)r precursor solution were dispensed fiom a disposable pipette 

ont0 the stationary sample chip. The chip was spun at 2200 rpm for 1 min. The sample 

chip was removed from the spin coater and irradiated with a 254 nm light for 15min. The 

multilayer sample of ATM was prepared by altemating spin coating fiom two precursor 

solutions on a spin coater and photolysis using a 254 nm light until9 bilayers were 

achieved. 



A Ti(i-pr~p)~(acac)~ precursor solution of CTM was prepared by mixing 0.0329g of 

Ti(i-prop)~(acac)~ complex solution with 1 .O 16 1 g of toluene (mass ratio 1 :30). A 

Mn(02CCH(C2Hs)C4H9)2 precursor solution of CTM was prepared b y rnixing 0.0305 g of 

Mn(02CCH(C2Hs)C4H9)2 complex solution with 1.5 1 12g of hexane (mass ratio 1 50). 

The 6 bilayer multilayer sample was prepared by altemating spin coating from two 

precursor solutions on a spin coater and photolysis with a 254 MI Iight. 

A Ti(i-prop)2(acac)2 precursor solution of DTM was prepared by mixing 0.0506g of 

Ti(i-pr~p)~(acac)~ complex solution with 2.5301 g of toluene (mas ratio 1 50). A 

MII(O?CCH(C~H~)C&)~ precursor solution of DTM was prepared by mixing 0.0350g of 

Mn(02CCH(CzHs)C4H9)r complex solution with 1.7530g of hexane (mas  ratio 1 50). 

The 30 bilayer multilayer sarnple was prepared by altemating spin coating from two 

precursor solutions on a spin coater and photolysis with a 254 nm light. 

A Ti(i-pr~p)~(acac)~ precursor solution of ETM was prepared by mixing 0.0340g of 

Ti(i-pr~p)~(acac)~ complex solution with 2.386 1 g of toluene ( m a s  ratio 1 :70). A 

Mn(OICCH(C2H5)C4H9)2 precursor solution of ETM was prepared by mixing 0.0339g of 

Mn(02CCH(C2H5)C4H9)2 complex solution with 2.37508 of hexane (mass ratio 190). 

The 9 bilayer multilayer sample was prepared by altemating spin coating from two 

precursor solutions on a spin coater and photolysis with a 254 nrn light. 

4.5.4 Fabrication of titanium manganese rnixed meâal oxide film 

The precursor solution of titanium manganese mixed metal oxide sample, FTM, was 

prepared by rnixing 0.06 19g of Ti(i-prop)~(acac)~ complex solution with 0.1 O 8  1 g of 

Mn(02CCH(CiHs)C4H9)2 complex solution (molar ration of titanium:manganese=l : 1). 
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A few drops of the precursor solution were dispensed fiom a disposable pipette onto a 

stationary chip. The sarnple chip was spun at 3000 rpm for 1 min. An FTIR was 

obtained on the sample chip. The sample chip was irradiated with 254 nm light for 24 hr. 

Another FTR was obtained. It was found fiom the FTIR spectra that al1 absorption 

associated with the precursor ligands had decreased to baseline. 

The sample chip was heated in an atmosphere in an oven at 600°C for 2 hr. A high 

angle X-ray diffraction pattern was obtained (Figure 4-9). 

4-5.5 X-ray analysis of muitilayer samples 

After multilayer samples of ATM, BTM, CTM, DTM and ETM were prepared. The 

low angle X-ray difiaction patterns were obtained on the as-deposited films (Figure 4-3 

and Figure 4-4). 

For sample DTM, a high angle X-ray difliaction spectrum was also obtained fiom as- 

deposited sample. The sample was heated in an atmosphere in an oven at 300°C for lhr. 

The second low angle XRD was obtained. The sample was heated in the oven at 300°C 

for another 1 hr. The third low angle XRD was obtained. After the sample was heated in 

the oven at 300°C for 1 hr again, both low and high XRD were obtained (Figure 4-5, 

Figure 4-6). The last heating was in the oven at 700°C for 3 hr. Only a high angle XRD 

was obtained (Figures 4-7 and 4-9) 
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